Bond coat (BC) surface rumpling has been identified as one of the important mechanisms that can lead to failure of the thermal barrier coatings. The driving force behind rumpling -whether the stresses in the thermally grown oxide over the BC or the stresses in the BC -remains to be clarified. Meanwhile, the mass transport mechanisms in the BC leading to rumpling are not clearly identified. In the present investigation, we subject two types of BC-superalloy 
INTRODUCTION
Thermal barrier coatings (TBCs) have been developed to boost the performance of gas turbines, jet engines, and diesel engines (Goward, 1998; Meier & Gupta, 1994; Miller, 1987 This instability is shown to be 'suppressed' under certain circumstances, e.g. when the TGO-ceramic interface remains intact (Tolpygo & Clarke, 2001 ). The suppression of rumpling can, however, give rise to residual stresses at the BC-TGO interface and contribute to other TBC failure processes (e.g. BC-TGO separation). This necessitates a thorough understanding of the mechanisms of BC rumpling. To understand the BC rumpling phenomenon, one needs to address two important issues, viz, the driving force for rumpling and the mass transport mechanisms that lead to the rumple formation. According to He et al . (2000) and Karlsson & Evans (2001) , the plastic ratcheting of the BC due to the thermal mismatch stresses in the developing TGO during thermal cycling can cause rumpling. Suo (1995) on the other hand has suggested that the highly compressive growth stresses in the TGO (on the order of GPa) would provide the driving force necessary for the metal atoms to diffuse along the TGO-metal interface, leading to a wavy metal surface. In a recent model, Balint & Hutchinson (2003) have shown that the compressive stresses in the TGO along with the stresses in the BC can lead to rumpling under the conditions of the BC undergoing power-law creep (dislocation creep). The above models are generic to metal-oxide systems and require the existence of highly stressed TGO for rumpling to occur. Tolpygo & Clarke (2000) have speculated that the rumpling in the BCsuperalloy systems occurs as a result of differential diffusion of various constituents such as Ni and Al, perpendicular to the BC surface. The model by is based on the assumption that the stresses in BC provide the necessary driving force for rumpling. A balance between the strain energy density at the BC surface and the BC surface energy would then decide the characteristic rumple wavelength. The mechanism they proposed was the surface diffusion of BC atoms at the BC-TGO interface. It is shown that a micron-scale mass transport due to diffusive processes in the BC driven by the BC stresses can result in the observed rumpling. These diffusive pro-cesses include the grain boundary diffusion, surface diffusion or bulk diffusion, or a combination of these processes.
EXPERIMENTAL PROCEDURE
The superalloy substrate used in the present study was René N5, a Ni-based superalloy supplied by the General Electric Aircraft Engines (Cincinnati, OH, USA).
The BCs were deposited on the superalloy by Chromalloy Gas Turbine Corporation The nickel aluminide BCs were subjected to isothermal exposure at 1150
• C, 1175
• C and 1200
• C. The surfaces of these BCs were in as-received condition or were polished using diamond paste to partially or completely remove the initial surface undulations. The platinum aluminide BC surfaces were polished down to 1 µm diamond paste and subjected to 1175
• C. Some platinum aluminide BC specimens with as-deposited surface were also subjected to isothermal exposure at were examined using profilometry, scanning electron microscopy (SEM), the semi quantitative elemental analysis tool of energy dispersive X-ray spectroscopy (EDX), X-ray photoelectron spectroscopy (XPS), and Augur electron spectroscopy (AES). (Strohmeier, 1990) . Thus, it is concluded that the oxide layer over the BC is only about a few nanometers thick, close to the native oxide thickness for Al ). (Fig. 7b ).
RESULTS

Initial Microstructure and Composition
Isothermal exposure in vacuum:
Platinum aluminide BC Figure 8 shows the surface morphology of a platinum aluminide BC before (Fig. 8a) and after (Fig. 8b,c) (Fig. 8b,c) . This two orders of magnitude increase in amplitude is similar to that for the nickel aluminide BC shown in Fig. 6 . Unlike the nickel aluminde BC, however, the rumpling of the platinum aluminide BC was closely correlated with the BC grains; the grain boundaries being "depressed", while the grain interiors being "elevated". The grain interior and boundary structures can be seen in the high resolution SEM micrographs of the same BC surface in Fig. 9 . Extensive faceting developed over the BC grain surfaces and along the grain boundaries. Note that these facets have a periodicity of about 100 -200 nm, similar to that for the rumpled nickel aluminide BC (Fig. 5) .
The thickness of the oxide layer over the platinum aluminide BC could not be es- (Fig. 4) . Large bright regions indicated by "r" can also be seen where aluminum was depleted (about 7 wt % Al) when compared to the BC matrix (about 15 wt% Al). The overall loss of Al in the BC in absence of TGO can again be attributed to its diffusion to the superalloy at high temperatures (Tolpygo & Clarke, 2000) . Unlike the nickel aluminide BC, the platinum aluminide BC grain boundaries were not revealed in the cross-section even with the contrast of the backscatter electrons. Alumina inclusions (denoted by "q") are seen as the dark regions in the higher magnification micrograph of Fig. 11 . These alumina inclusions were present before the isothermal exposure as shown in Fig. 1b . An isolated void can be seen in the BC cross-section as shown by black arrow in Fig. 11 . The IDZ of the BC has developed precipitates (denoted by "s") rich in W, Mo and Ta. These precipitates, similar to the nickel aluminide BC (Fig. 4) , have undergone considerable coarsening and agglomeration upon high temperature exposure. The BC has also shown an increase in thickness when compared to the as-deposited condition (Fig. 1b) 
DISCUSSION
The experimental results in the current study have shed light on clarifying the driving force for rumpling and identifying possible rumpling mechanisms. We have shown that mass transport leading to micron-scale deformations manifested in the form of rumpling can occur in the BC-superalloy systems in absence of a significant oxide layer. Also, the rumpling is shown to occur under isothermal conditions depending upon the temperature of testing. In the present section, we discuss the possible driving forces and the kinetics of rumpling.
Driving Force
The prevailing view of many researchers states that the thin TGO under highly com- Figure 4 shows that the periodicity of the refractory rich precipitates (indicated by "p") does not match that of the rumples, neither do the aluminum depleted zones that are irregularly placed as shown in Fig. 4 (denoted by "n") . Similarly, the aluminum depleted zones and the refractory rich regions of the platinum aluminide BC cross section (Fig. 11) do not show a periodicity corresponding to the platinum aluminide surface undulations (Fig. 8) . 
Governing Kinetics
The fact that rumpling can occur under isothermal conditions indicates that cyclic takes into account the surface diffusion mechanism, and does not take into account other diffusion mechanisms such as volume diffusion through the BC bulk and grain boundary diffusion (Mullins, 1963; Shewmon, 1989; Thouless, 1993) . New modelling efforts are being pursued to take into account all the significant diffusive processes in the BCs to predict the rumpling behavior (Panat & Hsia, 2003b) . The fact that the rumpling is correlated with the grain structures in platinum aluminide BC points to the possibility that grain boundaries are an additional diffusion path during rumpling.
The difference in the dominant paths of diffusion in the case of the nickel aluminide and the platinum aluminide BCs is not currently known. We speculate a competition between grain boundary diffusion and the BC volume diffusion depending upon the testing temperature (Shewmon, 1989) . This competition arises due to the lower activation energy of grain boundary diffusion compared to that of the volume diffusion.
At moderate temperatures, the grain boundary diffusion forms the high diffusivity path. But as the temperature increases, volume diffusion becomes dominating over grain boundary diffusion. Thus, a combination of BC volume diffusion and surface diffusion would decide the rumpling process at higher temperatures, while at lower temperatures, grain boundary diffusion should be observed. Qualitatively, we see that at 1200
• C, the BC surface undulations are not related to the grain structure (Fig.   2 ). But at 1175
• C and at 1150
• C an increased correlation between the two is seen (Figs. 7b,d) . Unfortunately, the grain boundary diffusivity has not been measured in the BC-superalloy systems. We also do not have quantitative information on the BC surface diffusion. To fully identify the dominant mechanism(s), a study aimed at measuring various diffusion constants in the BC-superalloy systems at different temperatures needs to be carried out.
The processes leading to the rumpling in the case of platinum aluminide BC shown in Fig. 8 could be a combination of surface and grain boundary diffusion. Such a process has been modelled by Thouless (1993) for an array of grains under a remote stress. His analysis shows that a combination of grain boundary diffusion and surface diffusion would give rise to the surface morphologies similar to those seen in Figs. 8 and 9. Again, for any comparison, the diffusivity of platinum aluminide BC along various diffusion paths needs to be measured at various temperatures.
The results presented in the current study have important implications to the TBC failure process. Our main objective here is to identify the role of the BC stresses and the diffusive processes in the BC in TBC failure. These stresses appear to be important in the evolution of TBC systems during high temperature exposure. Different diffusive processes in the BC could lead to surface rumpling of several micrometers in amplitude, which can contribute to TBC failure. Although the constraints in real TBC systems due to the ceramic layer and the TGO may change the diffusion kinetics, these processes would be important in inducing instability related TBC failures. Tailoring the BC materials to maximize resistance to diffusion can potentially minimize BC deformation and prolong the life of the TBC systems.
CONCLUSION
In the present work, isothermal experiments are carried out on nickel aluminide and platinum aluminide BC-superalloy systems in vacuum. The results show that rumpling can occur under isothermal conditions in absence of a significant oxide layer.
The material concentration gradients in the BC cross-section did not show a strong correlation with the rumples. For nickel aluminide BC, the grain structure did not influence the rumpling behavior at high testing temperatures. As the isothermal ex-posure temperature decreased, the BC grain boundaries increasingly influenced the rumpling behavior. For platinum aluminide BC, the rumples were correlated with the BC grains at the highest temperature of testing. Rumpling wavelength and amplitude were relatively insensitive to initial BC surface fluctuations in both material systems.
Further, significant initial flaws are not needed for rumpling to occur. It is concluded that in absence of significant oxide layer, the driving force for rumpling formation is likely to be the thermal mismatch stress in the BC. Possible kinetics that governs the rumpling process in the present study includes a combination of diffusive processes such as surface, bulk and grain-boundary diffusion. These findings have strong implications in the TBC reliability study, since the diffusive processes in the BC driven by the BC stresses can potentially play a significant role in the TBC failure.
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Grain Boundary • C. Large bright regions (denoted by "r") and alumina inclusions (denoted by "q") are seen to have developed at the boundary between the outer and the inner regions. The alumina inclusions were present before the isothermal exposure (Fig. 1a ). An isolated void is shown by a black arrow. Regions "s" represent precipitates rich in W, Mo and Ta that were also present before thermal cycling (Fig.   1a ). 
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